During a 3-hour interval on August 21 and 22, 1978, a compressional Pc 5 event was observed by the ISEE-! magnetometer and medium energetic particle experiment instrument. During the event the ISEE spacecraft was inbound near the equator and near the dusk meridian at distances between !1 and 7 Re. The finite Larmor radii of the energetic protons allow us to deter'mine unambiguously both the azimuthal and radial components of the phase velocity, and consequently the wave length and the azimuthal wave number. A 2n•r ambiguity in evaluating the phase velocity is removed by finding a consistent and physically reasonable solution for different energy channels. As the spacecraft approached the plasmapause, a quasi-sinusoidal wave form having a 165-s period was observed; it was found to be propagating azimuthally westward with a phase velocity of about 33 km/s and an azimuthal wave number of 60. In the outer magnetosphere, more irregular wave forms were observed. These waves also propagated azimuthally westward and may possibly have had a small earthward (radial) component of phase velocity. To examine the effect of heavy ions on the estimated wavelength, we have derived the perturbation of differential flux by calculating the first-order perturbed phase space distribution of plasma consisting of two ion species. We found that, for the detector we used, the effect is very small even there is a significant fraction of heavy ions present. This is because for each energy channel, the detector response to the heavy ions is more sensitive to those with higher energy than those with the nominal proton energy, while the flux drops exponentially with the energy.
INTRODUCTION
Since the late 1960s, efforts have been made to understand the structure of long-period magnetic pulsations (T > 10 s) in terms of resonant field line theory (see reviews by Lanzerotti and Southwood [1979] ; Sowoo. tinsel). In this paper, we will determine the perpendicular phase velocity of a compressional ULF wave by exploiting a technique that uses the finite Larmor radius effects in the signature of a multichannel energetic ion detector on a single spacecraft. We demonstrate that this technique determines unambiguously the propagation characteristics of the wave in two orthogonal directions in the plane perpendicular to the background •nagnetic field; our results re,hain valid even if heavy energetic ions with Larmor radii larger than proton Larmor radii are present in the plasma. We believe that the approach demonstrated in this paper will prove to be a powerful tool for the study of waves in the magnetosphere.
There have been many studies of compressional ULF waves, mostly at geostationary orbit. In addition to the earlier works on the storm-time compressional pulsations [e. Assuming that the phase delay between quasi-sinusoidal signals (T-165 s) recorded at the two spacecraft represented only azimuthal propagation of the wave, the authors estimated that the azimuthal wave number was about 55. However, this result was ambiguous, because there is a 2ha' ambiguity of phase. As well, the phase delay could have been modified by radial propagation of the wave. In this paper we will remove the above-noted ambiguity in the determination of the propagation properties of the wave by using the remote sensing capability of the energetic particle detector on board the ISEE-1 satellite.
The propagation direction and the azimuthal wave number of ULF waves have been determined for events observed at the geostationary orbit by several authors using data from multisatellite observations. Hughes et al. [1979] , applying the coherence analysis technique, measured phase differences among magnetic signals recorded by three geostationary satellites; they were able to determine the propagation direction and estimate the wave number in the azimuthal direction. Unfortunately, no information concerning radial propagation could be obtained from these measurements. In deriving m values (azimuthal wave number), Hughes et al. selected phase differences lying between -180 ø to 180 ø, which gave consistent m values for different pairs of satellites.
The authors stressed that these small azimuthal wave numbers implied much larger azimuthal phase velocities at the magnetopause than would be expected for waves generated by the Kelvin-Helmholtz instability. Suet al. [1977] attempted to determine bot. h the azimuthal and radial co•nponents of the propagation vector for a co•npressional wave at synchronous orbit. In studying a proton pulsation event observed on ATS-6, they exalnined the finite gyroradius effects that cause phase differences in particle flux oscillations among different energy channels, and between two oppositely oriented detectors. Suet al. were able to determine the propagation direction of the wave and to estimate the phase velocity both in the azilnuthal and radial direction. Their analysis was not straightforward because their detectors were not strictly back-to-back, and the inferred phase velocities had rather large uncertainty (60-70 %).
The above two methods, comparing the data from pairs of geosynchronous satellites and making use of finite Larmor radius effects of energetic particles observed at a spacecraft, were also used by Takahashi et al. [1985] . They used data of tilt angle variation of the •nagnetic field from two geostationary satellites to determine the azimuthal phase velocity and wave number, while using the flux variations of energetic protons (105 to 187 keV) detected by a detector (LOP) on board the satellite 1979-053 to examine the radial component of the wave vector. Because the detector scans only the plane perpendicular to the radial vector, it cannot be used to determine the azimuthal phase velocity.
The method used in our study is essentially the same as the "finite Larmor radius effect" method mentioned above [Suet al., 1977] . It was also discussed by Kivelson and South wood [1983] . The idea is the following: a spinning detector with spin axis parallel to the ambient magnetic field samples distributions of particles whose gyrocenters fall on a circle at a distance RL (the Larmor radius of particles) from the spacecraft. Back-to-back detectors (180 ø apart in spin) sample distributions of particles with gyrocenters separated by 2RL and thus are affected by different parts of the wave structure. In a wave with wavelength comparable to the particle gyroradii, the dependence of flux wave phase on look direction, will occur, and fixed back-to-back detectors that measure particles at different phases of the wave may display oscillations with a lag between observations in the two detectors. In this study, we have used the ISEE-1 medium energy particle detector whose spin axis is approximately parallel to the ambient magnetic field to sample particles with gyrocenters separated in both radial and azi•nuthal directions, and deternfined the wave propagation in the two directions.
OBSERVATIONS
The compressional wave reported here was observed between 2145 UT, August 21, 1978, and 0100 UT of the next day. The ISEE-1 magnetometer record for the event is shown in Figure 1 in GSE coordinates. The spacecraft was traveling inbound at about 1700 local time from L • 11 to 7 near the equatorial plane. The waves have strong compressional components B• and By; the y direction is close to radial in this case. During the first 2-hour interval, the wave form of the pulsations is quite irregular with spectra containing a major peak at 250 s and smaller peaks. at about 165 s and 100 s The energetic particle data we used were obtained by the medium energy particle experiment (MEPE) instrument on board the ISEE-1 satellite [Williams el. al., 1978]. The instrument measures both ion and electron fluxes over the respective energy ranges front 24 to 2081 keV for protons and 22.5 to 1200 keV for electrons. The data for this event were acquired in the low bit rate mode which provides the flux of protons and electrons in eight energy channels (see Table 1 (Figures 3a, 3b ).
In the s•noothed particle flux data, there are obvious A comparison between power spectra of particle and magnetic pulsations is shown in Figure 4a for 80 ø to 100 ø pitch angle protons, and in Figure 4b for electrons.
The spectra are for three successive 1-hour intervals. In the first hour (2145 to 2235 UT, Figure 4a ), the proton spectrum exhibits a major peak at 250 s period which coincides with a peak at the same period in the magnetic spectrum. In the second interval (2300 to 2400 UT), the proton spectrum contains a broad peak at 250 s and a peak at 165 s which is similar to, but not identical to the magnetic spectrum. In the final interval (0000 to 0050 UT, August 22), when the quasi-sinusoidal wave occurred, the spectra of both particle flux and magnetic field display a pronounced peak at 165 s. There is also a minor peak at about 70 s period in the proton spectrum which was not observed in the magnetic spectrum. Table 2 is denoted by the channel number followed by w (the flux of protons whose gyrocenters are west to the spacecraft) or by e (the flux of protons whose gyrocenters are east to the spacecraft).
Similar
For example, "Sw-3e" in the first column in Table 2 represents the cross-correlation study between fluxes of protons in energy channel 5 with gyrocenters at west of the spacecraft and those in channel 3 with gyrocenters at east of the spacecraft. cles which is assumed to be much larger than the drift velocity of the particles, R L is the gyroradius, w is the wave frequency which is much slnaller than the gyrofrequency, k is the wave number and J1 is the Bessel function of the first kind. The plus or minus sign apply to effective measureIncurs points at east and west sides of the spacecraft which is located at the origin. In the derivation we have assumed that the wave propagates and purely in the azimuthal direction, as in the case of !65- More con•plete particle data (in the energy range lower than that used in this study) will be needed to cast further light on the source or sources of the waves. Since the main purpose of this study is to demonst. rate a powerful method in investigating wave propagation by making use of the remote sensing capability of energetic particle detectors, more detailed analysis on wave generation mechanism is left for future work, but the above brief discussion shows that an unambiguous determination of the propagation properties of a wave contributes critical information to wave studies.
